We investigate the predictions on the mass spectrum and Higgs boson decays in the supersymmetric standard model extended by U (1) B−L symmetry (BLSSM). The model requires two singlet Higgs fields, which are responsible for the radiative breaking of U (1) B−L symmetry. It predicts degenerate right-handed neutrino masses (1.7 − 2.2 TeV) as well as the right-handed sneutrinos of mass 4 TeV. The presence of right-handed neutrinos and sneutrinos trigger the baryon and lepton number violation processes, until they decouple from the Standard model particles. Besides, the model predicts rather heavy colored particles; mt, mb 1.5 TeV, while mτ 100 GeV and mχ± 1 600 GeV. Even though, the implications are similar to minimal supersymmetric standard model, BLSSM can predict another Higgs boson lighter than 150 GeV. We find that the second Higgs boson can be degenerate with the lightest CP-even Higgs boson of mass about 125 GeV and contribute to the Higgs decay into two photons. In addition, it can provide an explanation for the excess in h → 4l at the mass scale ∼ 145 GeV. 
Introduction
After the discovery of the Higgs boson of mass about 125 − 126 GeV by the ATLAS [1] and the CMS [2] experiments, analyses have confirmed that the Standard Model (SM) predictions are in a very good agreement with the observations. Despite the fact that the SM has been completed with the Higgs boson discovery, there is no doubt that the SM is not a fundamental theory, since it is problematic in the Higgs boson due to the gauge hierarchy problem [3] and the absolute stability of the Higgs potential [4] . However, experiments conducted at the Large Hadron Collider (LHC) have returned with no direct signal for new physics beyond the SM (BSM). In contrast, the experimental results almost overlap with the SM predictions. On the other hand, the Higgs boson may play a leading role in further analyses, since it provides a strong hints for BSM. In addition to the observed mass of the Higgs boson, detailed analyses have revealed some anomalies in decay channels of the Higgs boson. While combination of all decay channels excludes the range ∼ 150 < m h < 1000 GeV [5] , there is an excess in h → γγ at m γγ ≈ 137 GeV, in addition to that observed at m γγ ≈ 125 GeV [6] . Similarly, h → 4l exhibits an excess at around m 4l ≈ 146 GeV [7] .
While one can count the SM Higgs boson for the observations at about 125 GeV, the anomalies at the higher scales can be considered as hints for the heavier SM-like Higgs bosons, which are not included in the SM. In this context, models with two or more Higgs bosons are worth studying in light of the anomalies mentioned above. Minimal supersymmetric extension of the SM (MSSM) is classified as a theory with two Higgs doublets and it is arguably one of the prime candidate for BSM, since it provides a resolution to the gauge hierarchy problem. The two Higgs doublets yield five physical Higgs boson states after electroweak symmetry breaking (EWSB), and they may offer a number of different scenarios to explain the anomalies in decay modes of the Higgs bosons [8] .
Even though it is possible to fit the low scale implications with the observed data in the MSSM framework, one can also consider the high scale origin, since the three gauge couplings of the SM nicely unify at the grand unification scale (M GUT ≈ 2×10 16 GeV). Stabilizing the Higgs boson mass at all the energy scales, one can connect M GUT to the electroweak scale (M EW ) through the renormalization group equations (RGEs). In such models, a large number of low scale MSSM parameters can be calculated through RGEs with a few free parameters defined at M GUT . Although MSSM is compatible with the current experimental results, the Higgs boson results bring severe constraints on the sparticle spectrum. As is well-known, the tree-level Higgs boson mass prediction is inconsistently low in the MSSM, and hence, one needs to utilize the loop corrections in order to realize the observed Higgs boson mass. Since the first two families have negligible Yukawa couplings to the Higgs boson, the third family provides the main source for such contributions. The sbottom and stau contributions exhibit tan β enhancement, and they can easily destabilize the Higgs potential; hence, their contributions are strongly constrained by the vacuum stability which allows only minor contributions from the sbottom and stau sector [9] . On the other hand, the contribution from stop is proportional to cot β and it has more freedom to satisfy the vacuum stability. In this context, the Higgs boson mass can be fed with the loop contributions from the stop sector, and it constrains the stop mass to the multi-TeV range, or it requires rather large mixing between stops. Even though it is possible to realize the stop of mass about top quark mass in the presence of the large mixing, the parameter space needs to be highly fine-tuned in this case [10] . The stop mass is bounded from below to a few hundred GeV if one imposes the fine-tuning condition [11] .
Besides the Higgs boson results, another severe constraint comes from the observation of the rare decay B s → µ + µ − with the branching ratio BR( [12] . This discovery is only another success of the SM, since its prediction for this rare decay more or less overlaps with the observation [13] . The small window in the prediction for this rare decay severely constrains the models for BSM. In MSSM, the supersymmetric contributions to B s → µ + µ − comes from the CP-odd Higgs boson exchange, which is proportional to (tan β) 6 /m 4 A , where m A is CP-odd Higgs boson mass. Accordingly, m A needs to be heavy enough to suppress the tan β enhancement which requires m A 500 GeV [14] . This constraint bounds the heavier CP-even Higgs boson mass (m H ) since m H ≈ m A . After all, despite the abundance of the physical Higgs boson states, MSSM cannot fit them in the mass range m 150 GeV consistently with the experimental results, especially when it is constrained from M GUT .
Considering the minimality the discussion above can be concluded that MSSM may not cover the full story and one may consider some extension of the MSSM gauge group. One of the simplest extensions is imposing an extra U (1) symmetry. Such an extension can be obtained from an underlying GUT theory involving a gauge group larger than SU (5) [15] . Among the many different realizations of G MSSM × U (1) X , U (1) B−L provides a favorable framework, since the anomaly cancellation can be achieved by adding three MSSM singlets, and the right-handed neutrino is the first choice for such singlet fields. In this context, an anomaly free U (1) B−L extension of MSSM provides a natural framework for the established non-zero neutrino masses [16] through the seesaw mechanisms. Besides, the invariance under U (1) B−L gauge group also imposes the R−parity conservation which is assumed in the MSSM to avoid fast proton decay. Hence, R−parity violation can be constrained by the smallness of the neutrino masses [17] . Moreover, R−parity conservation can be maintained if U (1) B−L symmetry is broken spontaneously [18] . Indeed, it was shown that U (1) B−L symmetry can be broken radiatively through a similar mechanism to the radiative electroweak symmetry breaking (REWSB) in the MSSM [19] . One can introduce a field whose non-zero vacuum expectation value (VEV) breaks the U (1) B−L symmetry. Hence, this field should carry B − L charge and it is preferably singlet under the MSSM gauge group. If its B − L charge is 2, then the R−parity conservation can be maintained. The holomorphy condition of the superpotential requires another MSSM singlet field whose B − L charge is −2 in order to write the invariant Lagrangian under U (1) B−L . Hence the MSSM extended by U (1) B−L (BLSSM) proposes two singlet Higgs fields (X 1 and X 2 with −2 and +2 B-L charges respectively) which can be counted for the observed anomalies in the Higgs decays at the mass scales other than ∼ 125 GeV.
The rest of the paper is organized as follows: In Section 2 we briefly describe the model with an emphasize on the Higgs sector. After we summarize the scanning procedure and the experimental constraints employed in our analysis in Section 3, we present our results for the mass spectrum in Section 4. We also briefly mention about Leptogenesis in this section. In Section 5 we consider the Higgs boson decays into two photons and four leptons. Finally we summarize and conclude in Section 6.
Model Description
In this section, we review the BLSSM model with an emphasize to its Higgs sector. The superpotential in this model is given by
where the first line of Eq. (1) is the usual terms of the MSSM, while the second line includes the additional interactions from the right-handed neutrino N c i , and the singlet Higgs fields X 1 , X 2 with −2 and +2 B − L charges respectively. Once the model includes the right-handed neutrino, then one can add a Yukawa interaction term for the neutrinos, and Y ν stands for the Yukawa coupling for the neutrinos. Similarly, Y N is the Yukawa coupling between N c i and X 1 . Finally µ −term is the bilinear mixing between X 1 and X 2 . The relevant soft supersymmetry breaking (SSB) Lagrangian is
where L MSSM SUSY includes the SSB terms of MSSM, while the rest associated with the B − L symmetry. The meaning of the terms are similar to those in the MSSM. mÑc, m X 1 and m X 2 are the SSB mass terms for the right-handed sneutrino, X 1 and X 2 , while A ν and A N are the trilinear scalar interaction terms between the neutrinos and MSSM Higgs doublets and BLSSM Higgs singlets respectively. MB is the SSB mass term for the gauginoB associated with the B − L gauge group. Note that there exists a vector-boson partner Z whose mass is severely constrained by the current experimental results (m Z 2.5 TeV). Note that, in contrast to its non-SUSY version, BLSSM does not allow mixing between the doublet and singlet Higgs fields through the superpotential and SSB Lagrangian. Therefore, the Higgs potential for these fields do not couple each other. Then, the singlet Higgs potential can be written as
where
BL is the gauge coupling associated with the B − L gauge group. Since the potential in Eq.(3) is in the same form as the MSSM Higgs potential, its minimization yields similar relations regarding to the spontaneous breaking of U (1) B−L symmetry and the stability of the vacuum. When m X 1 or m X 2 (or both) is negative, the vacuum corresponds to non-zero vacuum expectation values (VEVs) v X 1 = X 1 and v X 2 = X 2 .
A similar analysis in the radiative electroweak symmetry breaking (REWSB) can hold also for the B − L symmetry breaking. The coupling Y N between the righthanded neutrinos and X 1 negatively contributes to m 2 X 1 , and if it is large enough, m 2 X 1 can turn to be negative from some positive values and it triggers the spontaneous B − L symmetry breaking. It should be noted here that the interaction term between the right-handed neutrinos and X 1 induces a Majorana mass term −Y N v X 1Ñ cÑ c , which can destabilize the vacuum. For large values of Y N , the global minimum can corresponds to non-zero VEV of the right-handed sneutrinos, and hence it breaks the R−parity [20] . Hence, Y N should be large enough to trigger the spontaneous B − L symmetry breaking, and small enough to preserve the R−parity.
The spontaneous symmetry breaking mixes the fields and yields non-diagonal mass matrices. Since the two Higgs sector are not coupled to each other, their mass square matrices can be diagonalized independently, and hence the mass eigenstates related to X 1 and X 2 remain singlet under the SM gauge group, but they can still participate in the interactions with the MSSM fields through loops. Figure 1 illustrates the effective Yukawa interactions between the singlet Higgs boson and matter particles. The top diagrams show the non-SUSY sector, while the bottom diagrams display the SUSY interference, sincef ,Ñ ,χ 0 andχ ± stand for the sfermions, right-handed sneutrinos, neutralinos and charginos respectively. Since we assume that there is no mixing between the doublet and singlet Higgs fields, the singlet Higgs fields do not interact with the left-handed neutrinos. The top left diagram includes a Z loop, and it is more likely suppressed due to the heavy mass bound on Z . The contributions from the right top and bottom diagrams depend on the mixing in the neutrino sector and Y N . The supersymetric contributions depend also on the sparticle masses running in the loops. The sneutrino loop is probably suppressed, since the sneutrino masses are at the order of TeV scale. The neutralino loop can lead to interesting results. Indeed, the contribution from the bottom left diagram depends on theB mass, which mixes with other neutralinos. Since there is no specific mass bound onB , it can be as light as about 100 GeV, and it can even form the lightest neutralino [21] .
Even though the discussion above shows that the singlet Higgs field can still alter the low scale phenomenology, it is rather a naive discussion, since the mixing between the Higgs fields is assumed not to be generated from another source or induced by the loop corrections. However, the invariance principle allows the Lagrangian to include a cross term between the strength tensors of gauge fields associated with the U (1) gauge groups, −κ ab B a µν B b,µν , where B µν is the field strength tensor of a U (1) gauge field, a, b = Y, B − L, the hypercharge and B − L charge respectively, κ ab is an antisymmetric tensor which includes the mixing of U (1) a and U (1) b gauge fields. This mixing couples the B − L sector to the MSSM sector, and even if it is set to zero at M GUT , it can be induced through RGEs [22] . In the case of non-zero gauge kinetic mixing, the gauge covariant derivative takes a non-canonical form as
where we have expressed the field in the flavor basis. Following the discussion in [23] , we will consider a basis by rotating the fields such that
where g 1 corresponds to the measured hypercharge coupling which is modified in BLSSM as given along with g 4 and g Y B in [23, 24] . With non-zero mixing between the U (1) gauge fields, a contribution from Z−boson loop similar to the top left diagram in Figure 1 exists. On the other hand, the gauge kinetic mixing affects the mixing in the other sectors. Especially it induces a treelevel mixing between the MSSM doublet Higgs and BLSSM Higgs fields proportional to g Y B . As a consequence of non-zero gauge kinetic mixing, the two Higgs sector becomes coupled and their mass square matrices should be diagonalized together. Then all the mass eigenstates couple to the MSSM particles at tree-level. In this case the contributions in Figure 1 represent the corrections to the tree-level couplings. Note that a non-zero mixing in the Higgs sector brings also contributions from the chargino loop. Having these extra Higgs bosons coupled to the MSSM particles leads to contributions to the observed processes associated with the Higgs sector. Interestingly these Higgs bosons can be counted for the excesses observed in the higher mass scales mentioned in the previous section.
Before concluding this section, we should comment about the right-handed neutrino contributions to the Higgs bosons. As seen from Eq. (1), the presence of the right-handed neutrino allows to have a Yukawa interaction term involving with H u . This term yields contributions to the SM-like Higgs boson in addition to the stop sector, and it may loose the mass bound on the stops and consequently improves the fine-tuning in the model. However, after the electroweak symmetry breaking, this term induces a Dirac mass for the neutrinos. Smallness of the established neutrino masses strictly bounds the associated Yukawa coupling to very small ranges (Y ν 10 −7 ), which strongly suppresses the contributions to the Higgs boson from the neutrino sector. Therefore BLSSM and MSSM yield similar low scale phenomenology for the Higgs boson [25] . One can adopt the inverse seesaw mechanism into BLSSM, which allows Y ν to be at the order of unity [26] . Hence, the contribution from the right-handed neutrino sector to the Higgs boson cannot be neglected [27] . Besides, the singlet Higgs fields interact with another singlet field with non-zero B−L charge along with the right-handed neutrino, which yields a significant contribution to masses of the extra Higgs bosons. Hence, in the presence of the inverse seesaw mechanism, it is not easy to fit at least one more Higgs boson to the scale m h 150 GeV, when the model is constrained from M GUT . In other words, seeking for the second Higgs boson of mass less than 150 GeV leads also to very light SM-like Higgs boson ( 125 GeV). Note that even in BLSSM without inverse seesaw, the right-handed neutrino sector is still effective on the singlet Higgs boson masses, but since the SM-like Higgs boson does not acquire significant contributions from right-handed neutrinos, the singlet Higgs boson mass can be found light without affecting the SM-like Higgs boson mass. The RGEs for the singlet Higgs fields and the right-handed neutrino from M GUT to the low scale are [19] 
where t = log(Q) and Q is an energy scale between the low scale and the GUT scale.
Scanning Procedure and Experimental Constraints
We have employed SPheno 3.3.3 package [28] obtained with SARAH 4.5.8 [29] . In this package, the weak scale values of the gauge and Yukawa couplings presence in MSSM are evolved to the unification scale M GUT via the renormalization group equations (RGEs). M GUT is determined by the requirement of the gauge coupling unification through their RGE evolutions. Note that we do not strictly enforce the unification condition g 1 = g 2 = g 3 at M GUT since a few percent deviation from the unification can be assigned to unknown GUT-scale threshold corrections [30] . With the boundary conditions given at M GUT , all the SSB parameters along with the gauge and Yukawa couplings are evolved back to the weak scale. Note that the gauge coupling associated with the B −L symmetry is determined by the unification condition at the GUT scale by imposing
The requirement of radiative electroweak symmetry breaking (REWSB) [31] puts an important theoretical constraint on the parameter space. In our case, also the radiative B − L symmetry breaking are required, but this requirement constrains rather right-handed neutrino sector and their coupling Y N to the B − L singlet Higgs fields.
We have performed random scans over the following parameter space (7) where we restrict ourselves only the universal boundary conditions in which m 0 denotes the SSB mass term for all the scalar including the MSSM doublet and BLSSM singlet Higgs fields, while M 1/2 stands for the SSB mass terms for the gauginos including one associated with the U (1) B−L gauge group. A 0 is the SSB trilinear scalar interacting term, tan β is the ratio of VEVs of the MSSM Higgs doublets.Note that the ratio of VEV of the BLSSM singlet Higgs fields is, in principle, a free parameter. In our scan it is restricted to be approximately unity (tan
Besides, µ is the bilinear mixing of the MSSM doublet Higgs fields, while µ is of the BLSSM singlet Higgs fields. In addition, m t is the top quark mass and we set it to its central value [32] . Note that the sparticle spectrum is not too sensitive to one or two sigma variation in the top quark mass [33] , but it can shift the Higgs boson mass by 1 − 2 GeV [34] . Finally, we also vary g Y B in the perturbative level, while we fix Y N ≈ 0.4. Note that Y N is determined at the low scale, and its values larger than about 0.4 can yield Landau pole below the GUT scale [23] .
In scanning the parameter space, we use our interface which employs MetropolisHasting algorithm as described in [35] . All the data points satisfy the requirement of REWSB. After collecting the data, we impose the mass bounds on all the particles [36] and the constraints from the rare B−meson decays such as B s → µ + µ − [12] , b → sγ [37] , and B u → τ ν [38] as follows:
where we emphasize the updated mass bounds on the Higgs boson mass [1, 2] , the gluino mass [39] , since they have been updated by the current LHC results. In addition, we highlight the LEPII bound on stau mass [36] , since we allow it to be lighter than neutralino in our work. In addition to those mentioned above, another constraint implied from the dark matter (DM) observations significantly limits the parameter space. It requires the lightest supersymmetric particle (LSP) stable and of no electric or color charge, which excludes the regions leading toτ ort LSP solutions. On the other hand, even if a solution does not satisfy the DM observations, it can still survive in conjunction with other form(s) of DM [41] . Therefore, we do not impose the DM constraints in our scan and we do not require the solutions to yield neutralino LSP.
Before concluding the constraints, which we impose in our results, we should note about the muon anomalous magnetic moment (muon g − 2). As is known, the Standard Model (SM) prediction on the muon g − 2 [40] deviates from the experimental measurements [42] at about 3σ. If supersymmetry (SUSY), is a solution to the muon g − 2, the SUSY particles, namely, smuon and weak gaugino (Bino or Wino) masses should be around a few hundred GeV, in order to utilize the supersymmetric contributions [43] . However, the observation of the Higgs boson of mass about 125 GeV requires rather heavy sparticle spectrum within the MSSM framework, and it results in a strong tension in simultaneous resolution for both the 125 GeV Higgs boson and the muon g − 2 problem since SUSY contributions to muon g − 2 is suppressed by the heavy spectrum. Non-universality in gaugino and/or scalar masses may remove this tension [44] . Since we imposed universal boundary conditions in our work, we did not expect to resolve the muon g −2 problem, because BLSSM yields similar phenomenology to MSSM in the Higgs sector. Hence, we only require the solutions to do no worse than the SM in regard of muon g − 2 by imposing 3.4 × 10 −10 ≤ ∆a µ ≤ 55.6 × 10 −10 [42] , where ∆a µ ≡ 1/2(g − 2)
4 Mass Spectrum in BLSSM Parameter Space planes. All points are consistent with REWSB. Gray points are excluded by the current LHC results, even though they yield physical solutions, while green points satisfy the mass bounds and constraints from the rare B-decays mentioned in the previous section. Blue points form a subset of green, and they represent solutions with m h 2 ≤ 150 GeV.
In this section, we present the results for the mass spectrum obtained from the scan over the parameter space given in Eq. (7). bounds and constraints from the rare B-decays mentioned in the previous section. Blue points form a subset of green, and they represent solutions with m h 2 ≤ 150 GeV. As seen from the m 0 − M 1/2 plane, the condition for the second Higgs boson lighter than 150 GeV (blue) excludes significant portion of the LHC allowed region (green). For M 1/2 ∼ 1 TeV, m 0 is restricted to a narrow range at about 500 GeV, and this range opens up to 2 TeV for heavier gaugino masses. This interplay can be partially understood with the heavy gaugino effect on the singlet Higgs mass. Even though it has very light masses at the GUT scale, the singlet Higgs boson mass is raised by the heavy M B−L such that m h 2 150 GeV. On the other hand, for the large values of m 0 , which means heavy m X 1 and m N , as seen from Eq.(5-a), these In Figure 3 we present our results in the Since U (1) B−L is no more the symmetry in the model, and the existence of the right-handed neutrinos can trigger baryon and lepton number violating processes, which can be considered as a source for the baryon asymmetry in the Universe. Assuming that the supsersymmetric particles all decouple below M SUSY , the M SUSY − v X plane shows that U (1) B−L symmetry breaking can be realized in both supersymmetric regime (v X > M SUSY ) and non-supersymmetric regime (v X < M SUSY ). In the non-supersymmetric regime, the baryon and lepton violating processes rely on the right-handed neutrinos. Since the Yukawa coupling associated with the neutrinos is very small (Y ν ∼ 10 −7 ), the thermal leptogenesis can provide sufficient baryon assymmetry when the right-handed neutrinos are degenerate in mass [25, 45] . As shown in the m N 2 − m N 1 plane, the right-handed neutrino masses (∼ 1.7 − 2.2 TeV) are nearly degenerate . In addition to the right-handed neutrinos, the sneutrino-antisneutrino can be counted as another source in the supersymmetric regime [46] . After the right-handed neutrinos decouple, B − L symmetry is restored globally. Figure 4 represents the results for the sparticle mass spectrum with plots in mt 1 − plane shows that the lightest chargino cannot be lighter than 600 GeV. Even though we do not require the neutralino to be LSP, it is found much lighter than other sparticles except stau. The mτ 1 − mχ0 1 plane represents the stau mass along with the neutralino mass, and it can be lighter than neutralino as well as being much heavier. One can constrain the stau mass further by the prompt decay of stau to gravitino in the case of gravitino LSP [47] .
We continue with Figure 5 to present our results for the sparticle spectrum with plots in mq − mg and mμ L − mμ R planes. The color coding is the same as Figure 2 . The mq − mg shows that the squarks from the first two families and gluino should be heavier than 2 TeV. Even though we impose a mass bound on gluino at about 1.8 TeV, the other LHC results mentioned in Section 3 constrain gluino mass further to about 2 TeV (green). Imposing the condition that m h 2 ≤ 150 GeV (blue) does not constrain the gluino or squark masses strictly. Similarly the results for the smuon masses are represented in the mμ L − mμ R plane. According to the our results, the lightest left-and right-handed smuon masses are about 1 TeV. In this case, one can expect relatively better result for the muon anomalous magnetic moment (muon g − 2), but since the supersymmetric contributions are more or less suppressed by the smuon masses, the results for the muon g − 2 hardly reach to 2σ band of the experimental results.
Finally we display our results for the mass spectrum of the Higgs bosons in Figure  6 with plots in m h 2 − m h 1 and m h 3 − m A 1 planes. The color coding is the same as 
Higgs Decays
We have represented the mass spectrum in BLSSM in the previous section. As mentioned, BLSSM provide an extra Higgs boson which can be lighter than 150 GeV, and even two Higgs bosons can be degenerate at about 125 GeV. With the mixing between two Higgs fields this region can provide a relatively rich phenomenology for the Higgs decays. In this section, we present our results for the Higgs decays into two photons and four leptons.
h → γγ
The sparticles shown in Figure 4 contribute to the loop induced coupling between the Higgs boson and two photons in SUSY models. Since their contributions are inversely proportional to their masses, the contributions from stop and sbottom are suppressed by their heavy masses. The main contribution comes from the stau, since its mass can be as low as 100 GeV. In addition, chargino contribution can be counted as a correction. Moreover, since the second Higgs boson mass lighter than 150 GeV can be realized, there is also an induced coupling between h 2 and two photons. One can quantify the excess relative to the SM prediction in h → γγ with the parameter R i γγ defined as 
The color coding is the same as Figure 2 , except we do not apply the SM Higgs boson constraint (m h 1 ∼ 125 GeV) to the left panel, since m h 1 is directly plotted here. Similarly, the condition m h 2 ≤ 150 GeV, represented by the blue region, is not applied to the right panels, since m h 2 is on the horizontal axis.
where σ(pp → h i ) denotes the production cross-section of the Higgs boson h i , and BR(h i → γγ) is the branching ratio of the process in which the Higgs boson decays into two photons. The definitions for the terms in the denominator are the same, but Eq. (14) reveals the importance of the Higgs boson production at the LHC as well as the loop induced coupling between the Higgs bosons and photons. Since the Higgs boson couplings to the matter fields in the first two families are negligible, the main contributions to σ(pp → h i ) come from gluon fusion (GGF), vector boson fusion (VBF), associated vector boson-Higgs (VH) production and higgs production along with the top quark pair (ttH). Figure 7 displays plots for the Higgs boson production cross-section through GGF (top panel) and VBF (bottom panel) in the
The color coding is the same as Figure 2 , except we do not apply the SM Higgs boson constraint (m h 1 ∼ 125 GeV) to the left panel, since m h 1 is directly plotted here. Similarly,the condition m h 2 ≤ 150 GeV, represented by the blue region, is not applied to the right panels, since m h 2 is on the horizontal axis. As seen from the plots of Figure 7 , GGF dominates in the Higgs boson production at the LHC as happened for the SM Higgs boson. However, while GGF yields a production crossection of the order about 10 2 pb in the SM [48] and MSSM [49] , in BLSSM the GGF cross-section is found at about 20 pb at most. This is because the Higgs boson couplings are diminished by sin α and cos α, where α measures the mixing between the Higgs fields. As shown in the σ(gg → h 1 ) − m h 1 plane, h 1 behaves mostly like the SM Higgs boson, while h 2 can share this behavior when m h 2 150 GeV. As seen from the σ(gg → h 2 ) − m h 2 plane, the h 2 production has a sharp fall for relatively heavier mass scales, and finally it drops to zero for m h 2 200 GeV. It is because the second lightest higgs boson is mostly formed by the BLSSM Higgs fields, which are SM-singlets, as the mass difference between the two lightest Higgs bosons increases. A similar discussion can hold for the VBF as shown in the bottom plane of Figure 7 . VBF is usually the production channel with the second larger contribution, and it is one order of magnitude smaller than the GGF results.
We present our results for the possible excesses in h i → γγ in Figure 8 with plots
The color coding is the same as Figure  7 . The red dashed line indicates the observed cross-section in h → γγ normalized to the SM prediction [6] . As seen from the R 1 γγ − m h 1 plane, BLSSM yields plenty of solutions which can feed the excess in h → γγ for both m h 2 ≤ 150 GeV (blue) and m h 2 ≥ 150 GeV (green). These solutions can be explained by effects of the light staus and relatively light charginos as shown in Figure 4 . In addition to the light sparticles, also the second lightest Higgs boson mass can be realized as nearly degenerate with m h 1 ≈ 125 GeV, and it can be seen from the R 2 γγ − m h 2 plane that it can provide some cross-section in h → γγ as much as the SM (R 2 γγ ∼ 1). In this region, we have two Higgs bosons of mass about 125 GeV, and both contribute to the cross-section of h → γγ. If we define m eff h and R eff γγ as plane. Before concluding it should be noted that the second lightest higgs boson can be accounted for the other peaks at about 137 GeV and 145 GeV observed in the experiments [6] . As seen from the R 2 γγ − m h 2 panel, the solutions may relatively provide some non-zero cross-sections at these mass scales. However, the solutions around the second peak at 137 GeV are excluded by the Higgs boson constraint. Since we have restricted ourselves with the universal boundary conditions at M GUT , these predictions can be ameliorated by imposing non-universality. Figure  7 . The dashed line indicates the observed cross-section, while the solid line represents the expected cross-section without the Higgs boson [7] .
h → 4l
A similar discussion can be followed for the process in which the Higgs boson decays into four leptons. In the SM, this process is mediated via two Z-bosons, each of which eventually decays into a lepton pair. In BLSSM, such decays can include also Z , but due to its heavy mass (m Z = 2.5 TeV in our work), such processes are highly suppressed. Hence, the difference in h → 4l between BLSSM and the observation basically come from the Higgs boson decays into two Z−bosons. Figure 9 represents our results with plots in R 1 ZZ − m h 1 and R 2 ZZ − m h 2 . The color coding is the same as Figure 7 . The dashed line indicates the observed cross-section, while the solid line represents the expected cross-section without the Higgs boson [7] . In contrast to the Higgs decays into two photons, BLSSM's predictions can be only as good as ones in the SM, even in the case of the degenerate Higgs bosons. On the other hand, if one considers the second peak observed at m h ∼ 145 GeV, it can be seen from the R 2 ZZ − m h 2 plane, the second Higgs boson can nicely fill the region around this peak.
Conclusion
We presented the predictions on the mass spectrum and Higgs boson decays in the BLSSM framework with universal boundary conditions. We briefly mentioned about the right-handed neutrino sector. The radiative breaking of U (1) B−L symmetry happens at about 5 TeV below which B − L is no more the conserved symmetry and the right-handed neutrinos can trigger baryon and lepton number violating process till they decouple from the SM sector at 1.7 − 2.2 TeV. Radiative breaking of B − L symmetry can happen in both supersymemtric (v X > M SUSY ) and non-supersymmetric (v X < M SUSY ). The sneutrino-antisneutrino mixing can be counted as another source for baryon and lepton asymmetry in the Universe.
We found the stop and sbottom masses heavier than 1.5 TeV, and gluino mass greater than 2 TeV. The color sector is required to be heavy in order to realize the SMlike Higgs boson consistent with the observations. Even though BLSSM's predictions for the Higgs boson are similar to MSSM, it predicts another Higgs boson, which can be lighter than 150 GeV, and even degenerate with the lightest CP-even Higgs boson at about 125 GeV. Besides light staus ( 100 GeV), the second Higgs boson also contributes to the Higgs decay processes in the presence of gauge kinetic mixing. We showed that the excess in h → γγ at about 125 GeV mass scale can be realized. The solutions which can provide an excess at 137 GeV and 145 GeV in this process are rather excluded by the 125 GeV Higgs boson constraint. Such solutions can be cured by considering non-universal boundary conditions in BLSSM. In addition, we concluded that the BLSSM predictions for h → 4l are only as good as the SM, but it is eligible to fit the second excess at about 145 GeV.
